Introduction
The primary vascular system of the shoot functions to supply the leaves, axillary buds and flowers with water and dissolved nutrients and to distribute the products of photosynthesis from source to sink regions of the plant body. In woody vascular plants these functions are rapidly assumed by secondary vascular tissues, but in most herbaceous plants the primary vascular system contributes to these functions throughout the life of the shoot. In both cases, it is the primary vascular system that functions at the key developmental stages of lateral organ initiation and growth and determines the pathways that link developing sink tissues with the major sources of water and photoassimilates. Knowledge of the three dimensional architecture of the primary vascular system is important for understanding long distance transport not only of water and nutrients, but also of the signalling molecules that function in plant defense and development. (Marshall, 1996; Kim et al ., 2001; Orians & Jones, 2001) . The degree of connectivity between the component strands of the primary vascular system can be altered by trauma or growth conditions (Preston, 1998) , but generally, features of primary vascular architecture are stable within species and across major clades (Dormer, 1945; Beck et al ., 1982) .
The close correspondence between shoot phyllotaxis and primary vascular architecture has been recognized for almost 150 yr (Nägeli, 1858; DeBary, 1884) . In shoots with helical phyllotaxis, the geometric array of individual leaves and their primordia gives an external clue to the internal arrangement of primary vascular bundles. Leaves are initiated in a shallow helix, the ontogenetic helix. Helices that are steeper than the ontogenetic helix, called parastichies, can be recognized when the shoot is viewed from the surface (Esau, 1965; Beck et al ., 1982; Kirchoff, 1984) . Vascular bundles that extend longitudinally through the stem branch at regular intervals to form the traces of leaves belonging to one parastichy. These compound vascular bundles, each a complex of individual leaf traces, are termed vascular sympodia (Esau, 1965; Beck et al ., 1982; Kirchoff, 1984) . Despite this underlying commonality, interspecific variation in the primary vascular architectural pattern of helical shoots occurs and falls into two main groups: first those in which the sympodia linking leaves of a single parastichy remain independent from those linking other parastichies (the 'open' pattern) and second those in which sympodia are interconnected so that the vascular strands supplying an individual leaf are derived from more than one sympodium (the 'closed' pattern) (Dormer, 1945 (Dormer, , 1946 Philipson & Balfour, 1963) .
Given the long history of comparative studies of primary vascular architecture and the number of structural studies using Arabidopsis thaliana , it might be expected that primary vascular architecture of this species would be well known. Only one paper (Busse & Evert, 1999) has directly addressed primary vascular architecture of Arabidopsis , however. This study found a closed vascular pattern, but since the vegetative rosette development was examined at an early stage, it was not possible to relate vasculature to leaf parastichies or to determine whether the vascular pattern of the inflorescence stem was a continuation of the rosette pattern. Altamura et al . (2001) described branching of the vascular strands in inflorescence nodes, but did not find merging of bundles, indicating that inflorescence vasculature forms an open pattern. One of the goals of our present study was to characterize primary vascular pattern of both the vegetative rosette and inflorescence stem of A. thaliana in order to resolve this apparent contradiction in the previous literature.
An additional reason to characterize primary vascular architecture of Arabidopsis is to understand how the patterns of lateral organ initiation relate to the development of the vascular bundles that supply them. Although primordium initiation and procambium development are likely interdependent processes (Esau, 1965) , there are two quite different perspectives on the causal interaction between them. One view holds that leaf initiation on the shoot apical meristem induces the formation of the procambial strand(s) that will supply it (Bruck & Paolillo, 1984) . This view is consistent with current knowledge of the nature of auxin signalling and its role in directing the formation of vascular strands (Sachs, 1981 (Sachs, , 1991 Berleth et al ., 2000a,b) . The opposing view is that advancing procambial strands, already organized in a pattern that is reflected in shoot phyllotaxis, play a role in inducing leaf initiation in the appropriate position (Larson, 1983) . The second hypothesis is supported by the observation that, almost without exception, development of the primary vascular system of dicotyledonous species is acropetal (Esau, 1965; Nelson & Dengler, 1997) .
Since a detailed knowledge of the structural aspects of vascular development can give clues about regulatory processes in development, we have characterized the timing and directionality of procambial strand growth in relation to the formation of primordia. We used a molecular marker for procambium, A. thaliana homeobox gene 8::GUS ( ATHB-8::GUS ; Baima et al. 1995) , to facilitate the recognition of procambial strands in the highly condensed vegetative rosette of Arabidopsis. Expression of ATHB-8::GUS is restricted to procambium and, in some cases, its expression may foreshadow appearance of the anatomical expression of procambium (Baima et al ., 1995; Kang & Dengler, 2002) .
Materials and Methods
The A. thaliana homeobox 8::GUS ( ATHB-8::GUS ) construct, consisting of a 1.7-kb DNA fragment of the ATHB-8 genomic sequence upstream of the putative initiation codon and fused in frame to GUS, was kindly provided by G. Morelli (Instituto Nazionale di Ricerca per gli Alimenti e la Nutrizione, Rome, Italy; Baima et al. 1995) . Seeds were sterilized with 20% bleach in 0.01% SDS, rinsed, and stored for 1 wk at 4 ° C before being sown directly onto sterilized Promix. Plants were grown in Conviron E15 growth chambers (Controlled Environments Ltd, Winnipeg, Manitoba, Canada) at 22 ° C under either continuous illumination or short days (10 : 14-h day:night cycle).
Plants were sampled under three different conditions. Plants that were grown under short days remained vegetative and produced 18 -20 leaves by the time they were harvested at 4 wk (vegetative plants). Plants that were grown under continuous illumination became reproductive and began producing floral buds after 8 -11 leaves had been formed. These plants were sampled when the bolted inflorescence was 1-4 mm in length at 3 wk after germination (young reproductive plants). Reproductive plants were also sampled at 4 wk, after the bolted inflorescence was 10 -20 cm in length (older reproductive plants). For the first two conditions, entire plants were analyzed, while only the terminal 5 mm of the inflorescence was analyzed for older reproductive plants.
Histochemical localization of GUS activity and tissue preparation for microscopy was performed according to Donnelly et al . (1999) . Slides were examined under bright field optics, and images were captured digitally using a ReichertJung Polyvar microscope (C. Reichert Optische Werke Ag., Wien, Austria) and Nikon DXM1200 (Nikon Corp., Tokyo, Japan) digital camera.
Reconstruction of vascular pattern was made by following each vascular bundle through the series of sections and capturing its image digitally or by camera lucida tracing at intervals of 4 -10 µm. Developing vascular bundles and their precursor procambial strands were recognized as pattern elements in cross sections by three criteria: first the presence of ATHB-8::GUS expression within cells that are not otherwise distinct (Fig. 1a, arrow) ; second the presence of procambium as defined anatomically as a group of cells with narrower diameter and denser cytoplasm than adjacent ground tissue (Fig. 1b) ; third the presence of differentiated sieve tube elements (narrow diameter, densely stained walls, lightly stained protoplasts) or tracheary elements (wide diameter, thickened walls, no protoplasts; Esau, 1965, Fig. 1c) . Longitudinal sections confirm that ATHB-8::GUS expression is confined to elongate cells of procambium and developing vascular tissue (Fig. 1d) . Vascular pattern reconstructions for the full shoot system were made for five vegetative plants (grown under short days), for seven young reproductive plants, and for two older inflorescences (both grown under continuous illumination).
Results

Vegetative stage
Phyllotaxis Shoots of Arabidopsis display helical phyllotaxis starting with the fifth leaf (Fig. 2a) . Shoots with dextrorse (clockwise) and sinistrorse (counterclockwise) phyllotaxis were seen in approximately equal frequencies. The most conspicuous contact parastichies are those joining every third (n + 3) or every fifth (n + 5) leaf on the ontogenetic helix. In the sinistrorse shoot illustrated in Fig. 2a there are three dextrorse contact parastichies that join every n + 3 leaf and five sinistrorse contact parastichies that join every n + 5 leaf. Steeper parastichies that are not contact parastichies (i.e. leaves are not directly adjacent) are also present. In the same shoot, eight dextrorse parastichies join every n + 8 leaf and 13 almost vertical parastichies join every n + 13 leaf (Fig. 2a) .
Vascular pattern Primary vascular pattern reflects whole shoot ontogeny during vegetative growth. Regardless of the ontogenetic stage, however, each leaf is supplied by a single trace that is derived from either one or two vascular sympodia. Thus, procambial strands and developing vascular bundles seen in cross section represent either individual leaf traces (leaf 7, Fig. 2b ) or sympodia that will give rise to traces of multiple leaves at higher levels of the stem (branches from the sympodium labelled 8 in Fig. 2b will contribute to traces of leaves 8, 13 and 16). The levels of branching of parent sympodia and of the divergence of leaf traces determine the (3, 4, 5, 6, 7) or sympodia that will give rise to multiple leaf traces (8, 9, 10, 11, 12) . Scale bar, 50 µm.
number of vascular strands observed in a single cross section, but the number is typically eight (Fig. 3) .
At the stage of rosette ontogeny that we observed, the traces to the cotyledons and leaves 1-4 arise from the solid vascular cylinder of the hypocotyl region (Busse & Evert, 1999) . The trace to leaf 5 is derived from the base of the leaf 2 trace (the antecedent leaf in the n + 3 parastichy), while leaves 6, 7, and 8 are derived from the traces of antecedent leaves in their n + 5 parastichies (Fig. 3) . We twice encountered a leaf 6 trace derived from a leaf 3 trace, indicating that the n + 3 connection phase may be prolonged or that linkages may have a stochastic element. Regardless of such variation, primary vascular pattern is an open system at early stages of development.
After the formation of leaf 8, the closed pattern of vascular connections becomes established. Each leaf trace is derived from branches of the traces to antecedent leaves in both its n + 5 and n + 8 parastichies (Fig. 3) . For example, the trace that supplies leaf 9 is derived as a branch from the trace of leaf 4, the antecedent leaf in the n + 5 parastichy (Figs 3 and 4a) . The leaf 9 trace is also derived from the leaf 1 trace, its antecedent leaf in the n + 8 parastichy (Fig. 3) . The trace to leaf 14 is derived from branches of the trace/sympodium associated with leaf 9 (n + 5 parastichy) and leaf 6 (n + 8 parastichy) (Figs 3 and 4b -f, arrows). Although occasional irregularities occur, the fundamental pattern of branching and merging of sympodial bundles described above characterized all vegetative shoots in our sample. Thus, the vascular system of later stages of rosette development is a closed, reticulate system with multiple connections between source and sink leaves.
Development Development of leaf traces and formation of the primordia that they supply is coordinated. In our analysis of serial cross sections, leaf primordia were identified as bulges at the periphery of the shoot apical meristem (e.g. Figure 2a , arrowhead, 5f, arrow). Traces for all detectable primordia are distinct within the stem and are continuous with the vascular sympodium corresponding to the n + 8 parastichy. For example, in the shoot illustrated in Fig. 5 , leaf 17 is the third youngest leaf primordium present. The trace to leaf 17 arises as a branch of the leaf 9 trace in the n + 8 sympodium and extends distally to the primordium base (Figs 3 and 5b -f, arrows). The leaf trace procambial strand for leaf 19 can be recognized as a zone of three to four cells with weak GUS expression below primordium 19 (Fig. 4e,f) . Phloem-like cells connect the short ATHB-8::GUS expressing region with the antecedent leaf trace/sympodium in the n + 8 parastichy ( Fig. 4b -d) . For leaves four plastochrons and older, both the primary connection to n + 8 leaves and the secondary connection to n + 5 leaves are present (Fig. 3) . Thus, while vascular architecture is a closed system at later stages (post leaf 9) of whole shoot development, vasculature supplying new leaves initially forms an open pattern and becomes closed only after the fourth plastochron.
Expression of ATHB-8::GUS Expression of ATHB-8::GUS
varies along the length of each leaf trace and sympodial procambial strand. At young stages of procambial strand development, ATHB-8::GUS is expressed in a narrow strand of cells that do not otherwise appear different from adjacent ground meristem cells (Figs 1a, 4e and 5e) . At early stages, ATHB-8::GUS expression is absent at the basal end of the strand where it branches from the trace of the antecedent leaf (Figs 4c and 5b, arrows) . In these regions, leaf trace branches were recognized by the anatomical appearance of procambium and/or phloem sieve tube elements. Branches arise from the phloem side of antecedent bundles, and their component cells typically have a narrower diameter and darker staining cell walls than adjacent ground meristem tissue (Figs 4b -d and 5a -d) .
Although not analyzed in detail, differentiated phloem appears continuous and acropetal in these strands. Sieve tube elements are also the first differentiated cells to be recognized unequivocally in leaf trace cross sections (Fig. 1b, leaf 12 in Fig. 5d ).
By contrast, differentiation of xylem elements occurs at a later developmental stage and is discontinuous. For instance, in the shoot illustrated in Fig. 5 , differentiated xylem tracheary elements are present near the base of the leaf primordium (Fig. 5f, leaf 12 ), but not in the leaf trace/sympodium below (Fig. 5d,e) . ATHB-8::GUS expression occurs at the basal end of a leaf trace procambial strand just above the level where the branches forming the strand fuse (leaf trace 14 in Fig. 4d , leaf trace 12 in 5c). At this level ATHB-8::GUS expression appears first as a diffuse zone to the interior of the phloem region. ATHB-8::GUS expression is stronger a short distance ( c . 20 µm) above this level (Figs 4e and 5d) . With further development of the leaf and its associated trace, the diameter of the procambial strand increases, and differentiated tracheary elements appear just above the level of branch fusion (Fig. 1c) . At later stages of development, tracheary elements are continuous from the point of branching from the parent vascular bundles into the leaf base (e.g. leaf 9 trace in Fig. 4a -f ) . Thus, ATHB-8::GUS expression appears to anticipate xylem development within leaf trace vascular strands. As differentiating procambial strands increase in diameter, ATHB-8::GUS continues to be expressed in xylem parenchyma cells (Fig. 1c,  leaf 9 in Fig. 4a -f, leaf 7 in Fig. 5a-d) . ATHB-8::GUS is also expressed in the zone of undifferentiated procambium between the differentiated xylem and phloem in older bundles (asterisks in Figs 1c, 4a and 5a ).
Reproductive stage
Phyllotaxis Inflorescence phyllotaxis follows that of the vegetative rosette ontogenetic helix and its direction (Fig. 6) . With the transition to flowering, floral meristems are produced along the ontogenetic helix in place of leaves. Under the continuous light growth conditions used, 9 -11 leaves were produced before the formation of the first floral bud. Internode elongation occurs below each of the last three leaves to be formed, identifying them as the inflorescence bracts or cauline leaves (Fig. 6a,b) . In the sinistrorse shoot illustrated in Fig. 6 , three dextrorse (n + 3) and five sinistrorse (n + 5) contact parastichies are present. Steeper n + 8 and n + 13 parastichies can also be identified.
Vascular pattern and development
Inflorescence phyllotaxis follows the same basic pattern as that of the vegetative rosette, but vascular architecture and development differ in two respects (Fig. 7) . First, although traces to early formed flowers extend the reticulate pattern of the vegetative shoot, traces to later-formed flowers follow an open pattern, and primary connections are shifted to the n + 5 parastichies. For instance, in the young reproductive shoot illustrated in Figs 7 and 8, the trace to flower 11 arises from branches of the traces to rosette leaves 6 and 3 (Figs 7 and 8a-c) . By contrast, the trace to flower 16 arises as a simple branch of the leaf 11 trace (Figs 7 and 8c, arrow) . In the older reproductive shoot illustrated in Fig. 9 , the trace to flower 29 arises as a simple branch of the flower 24 trace/sympodium (Fig. 9b, arrow) . ATHB-8::GUS expression in young regions of the inflorescence is generally weaker than in vegetative tissues within the same sections (Fig. 9c) . Second, the basal portions of older inflorescences display accessory traces (Fig. 10 , dashed and fine lines; Fig. 11 , arrows), a feature not seen in the apical (younger) regions of the same inflorescence or in inflorescences of younger plants. These narrow vascular strands form connections between the flower traces and adjacent sympodia at the node where the trace diverges. These are distinct from, and additional to, the branches that give rise to a trace at its proximal end (Fig. 10, dashed line) . For instance, in the shoot illustrated in Figs 10 and 11, accessory bundles link floral trace 25 with the n + 5 sympodium supplying flowers 30, 35, etc., and the adjacent n + 5 sympodium supplying flowers 23, 28, etc. In addition, a second accessory trace often bridges two adjacent sympodia just above the level of flower trace divergence (Figs 10  and 11d-f, arrows) . Thus, while inflorescence vascular architecture is an open system (starting with the second flower in the n + 5 parastichy), it becomes closed secondarily through the formation of accessory bundles.
Axillary buds Axillary buds are linked to the traces of associated cauline and rosette leaves by two vascular bundles (Figs 7 and 12). Two basic patterns for the derivation of these bud traces occur. In the first pattern, the bud traces are derived from the leaf trace itself at a level just below leaf trace divergence. For instance, in the shoot illustrated in Figs 7 and 12, the two axillary bud traces associated with leaf 6 branch from the leaf trace at about the level of divergence (Fig. 7 , arrows in Fig. 12a-c) . The traces branch to form five procambial strands (Fig. 12c) . Two of these extend into the axillary bud cauline leaf primordia (Fig. 6b) . In the second pattern, bud traces are derived from the two adjacent sympodia related to the subtending leaf: one trace from the n + 8 sympodium and the other from the n + 5 sympodium (Figs 7 and 12d-f ) . The first pattern is most common for the rosette leaves, while the second is only found for the cauline leaves. The last-formed rosette leaves occasionally have a combination of the two patterns, that is one bud trace derived from the leaf trace and one from an adjacent sympodium (e.g. leaves 7 and 8; Fig. 7 ).
Discussion
Primary vascular architecture of the vegetative rosette of Arabidopsis is fundamentally a closed, reticulate pattern that reflects helical phyllotaxis. Individual leaves are supplied by a single vascular trace that is derived from branches of two of the eight complex vascular bundles (sympodia) that supply the vegetative shoot. One branch links the leaf with the sympodium that corresponds to leaves along the n + 8 parastichy, while the other links the leaf trace with the sympodium that corresponds to the n + 5 parastichy. Thus primary vascular pattern in the Arabidopsis shoot is a highly integrated system in which the vascular supply to each leaf is directly connected to antecedent leaves in two different parastichies. This built-in redundancy provides alternate pathways for long distance movement of water and solutes from sources to sinks. If one pathway becomes damaged, an alternate route is available. This fundamental primary pattern characterizes not only Arabidopsis, but other herbaceous species with limited secondary growth (Dormer, 1946) .
Primary vascular architecture undergoes alterations during the ontogeny of the shoot. During the juvenile phase, phyllotaxis is subdecussate and traces to leaves 1-4 arise directly from the hypocotyl vasculature (although each trace has continuity with the traces of two adjacent leaves through differentiated protophloem, Busse & Evert, 1999) . The transition to helical phyllotaxis begins with leaf 5 and the sympodial nature of vascular architecture is first revealed here since its trace is typically derived from the trace of leaf 2 in its n + 3 parastichy. After this initial stage, vascular connections are between leaves along the n + 5 parastichies following an open pattern. As soon as the second leaf in each of the n + 8 parastichies is initiated (e.g. leaf 9 in the 1, 9, 17 parastichy), connections are also formed between these leaves and the pattern becomes fully closed. The distinctive features of vascular pattern can therefore serve as markers of the juvenile and adult phases of shoot development, along with external features such as leaf shape, presence of trichomes, or number of hydathodes (Poethig, 1990; Tsukaya et al., 2000) .
Whole shoot ontogeny is also reflected in the longitudinal gradient in the pattern of interconnections between axillary buds and the primary vascular system. Every bud is supplied by two traces, but trace connections are limited to the trace of the subtending leaf in the vegetative rosette. By contrast, bud traces associated with cauline leaves are derived from the adjacent vascular sympodia and thus are better integrated into the shoot vascular reticulum. This gradient in axillary bud vascularization may also reflect the relative timing of bud formation and leaf development. Arabidopsis plants grown under prolonged short day conditions usually express an acropetal gradient of axillary bud formation (Hempel & Feldman, 1994; Grbic & Bleecker, 2000 ; not seen under our growth conditions). When plants are placed under conditions that induce flowering, axillary buds are formed basipetally (Hempel & Feldman, 1994; Grbic & Bleecker, 2000; Long & Barton, 2000) . Thus, buds associated with cauline leaves are formed at relatively early stages of leaf trace procambium development, while buds associated with rosette leaves are formed at later stages of development (Long & Barton, 2000) .
Additional alterations to primary vascular architecture occur upon the transition to the reproductive phase. Flower primordia are formed along the same ontogenetic helix established by the leaves and are also supplied by single traces. At first, the derivation of flower traces is identical to that of the leaves in the adult region of the vegetative shoot, that is a closed pattern. After formation of the second flower in each n + 8 parastichy, however, vascular architecture switches to an open pattern, with primary connections along the n + 5 parastichies. The change from closed to open might be predicted to increase the sectoriality of the inflorescence, so that each flower and its developing silique would draw resources from only a limited number of rosette leaves. Full integration of vasculature is maintained, however, since secondary modifications of primary vascular pattern reinstate the connectivity of adjacent sympodia.
Flowers and axillary buds typically have a similar vascular supply, reflecting the axillary position of flowers in many taxa (Esau, 1965) . In Arabidopsis and many other members of the Brassicaceae, however, inflorescence bracts are suppressed, and flowers are borne on an ebracteate inflorescence axis (Shu et al., 2000) . In Arabidopsis, the vascular supply to the flowers combines the pattern of the vasculature supplying leaves and axillary buds. The initial vascular supply to the flowers consists of a single trace that develops continuously and acropetally from earlier-formed vasculature. At later stages of floral development, accessory traces bridge the initially single trace with adjacent sympodia at its distal end. This mosaic vascular pattern supports the idea that the floral meristem contains both leaf and axillary bud identities (Long & Barton, 2000) . A leaf component of the floral meristem is indicated by leaf-specific positive and negative expression patterns for the SHOOTMERISTEMLESS and AINTEGUMENTA genes, respectively (Long & Barton, 2000) . In addition, the bractea mutant phenotype appears to arise from a release of the suppression of inflorescence bract outgrowth (Ezhova & Penin, 2001) . Hempel & Feldman (1994) suggest that, upon floral induction, the precocious development of the axillary meristems is associated with a compensatory suppression of leaf size in the case of cauline leaves and complete suppression in the case of floral meristems. Our observations further lend support to these ideas, since the initial vascular supply to the flower is indistinguishable from that of the leaf. The single trace supplying an Arabidopsis flower is bridged to adjacent sympodia by accessory bundles, so that the mature inflorescence vascular pattern secondarily comes to resemble that of axillary buds.
Development of new procambial strands is continuous with the antecedent primary vascular system and therefore acropetal in direction. Under our growth conditions, leaf trace procambium was detectable in the stem below the youngest leaf primordium and, by the time the primordium is three plastochrons old, has extended acropetally into the leaf base.
The spatial pattern for leaf and flower trace procambial strands is precise and reflects the external position of lateral organ primordia. During the vegetative stage of development, procambial strands to new leaves arise as branches of the n + 8 vascular sympodium, thus linking a new leaf with one eight plastochrons older. Later-formed connections subsequently link the initial procambial strands to those sympodia supplying leaves that are five plastochrons older. Although the pattern subtly shifts in the inflorescence, in both cases, the formation of new strands follows a highly predictable pattern 2160, 2100, 2016, 1948, 1900, 1860 µm below the inflorescence shoot apical meristem, respectively. Scale bar, 50 µm. with no indication of a stochastic component to linkages between strands. The continuous nature of procambial strand formation appears to be general for the dicotyledons, virtually without exception (Esau, 1965) and has been previously reported for Arabidopsis (Vaughan 1955; Busse & Evert, 1999) .
Although a number of plant growth regulators have been implicated in various aspects of vascular development (Aloni, 1987; Berleth et al., 2000b) , auxin is unique in being directionally transported in shoots and roots. Experiments in which a point source of auxin was applied to wounded stems show that this plant hormone can induce formation of properly orientated vascular strands (Sachs, 1981 (Sachs, , 1991 Bruck & Paolillo, 1984) . These vascular strands are similar to those of nonmanipulated stems in forming a narrow, continuous bundle of xylem and phloem tissue, but differ in that the direction of development is basipetal. The parallelism between the orientated basipetal transport of auxin and the basipetal development of regenerated strands led to the auxin canalization hypothesis for procambial strand formation (Sachs, 1981 (Sachs, , 1991 . Observations of acropetal procambial strand development appear contradictory to this idea and could be interpreted as lending support to the opposing procambial strand hypothesis that states that the acropetal formation of leaf trace procambium provides a positional signal for leaf initiation (Larson, 1983 ). Although we did not observe precocious procambial strands in our study, an earlier study of the function of the PINHEAD gene in Arabidopsis (Lynn et al., 1999) showed strong expression in a restricted region of cells corresponding to the location of a leaf trace procambial strand that anticipated leaf formation by at least one plastochron (in comparison, ATHB-8::GUS expression was not detected before leaf formation). These two perspectives might not be mutually exclusive, however, since basipetally-moving positional signals from a primordium or its presumptive site might interact with signals moving acropetally from antecedent vasculature to establish a prepattern in predictable positions (Larson, 1983; Kirchoff, 1984; Berleth et al., 2000a,b) . The prepattern that is revealed through the expression of genes such as PIN-HEAD and ATHB-8 (and whose precise functions are currently unknown) might later be translated into a structurally detectable vascular pattern.
Our study used the expression of a ATHB-8::GUS construct (Baima et al., 1995) to facilitate the recognition of procambial strands in serial cross sections. Although preservation of cellular detail was compromised by the GUS staining protocol, we found that ATHB-8::GUS expression appeared to anticipate procambium formation as defined by structural criteria. Baima et al. (1995) also found that ATHB-8::GUS expression preceded detection of vascular precursors in wounded tobacco stems that had been treated with auxin. Our analysis of ATHB-8::GUS expression also revealed longitudinal heterogeneity within young procambial strands. A longitudinally orientated, narrow strand consisting of 3 -5 cells in cross section that strongly express ATHB-8::GUS is present below each new leaf primordium. ATHB-8::GUS activity diminishes at the basal end of these strands, however, and is absent where the strand curves to meet its parent strand, the n + 8 (or n + 5) vascular sympodium. Such a pattern could reflect the interaction of two positional signals, a basipetal one from the primordium and an acropetal one from the antecedent vasculature. ATHB-8 is known to be up-regulated by auxin (Baima et al., 1995; Mattsson et al., 2003) and so the early expression of ATHB-8::GUS that we observed could be a reflection of such auxin signalling.
Alternatively, the longitudinal pattern of ATHB-8::GUS expression might reflect quite a different role for this gene. ATHB-8 and other members of the HD-ZIP III family of plant homeobox genes have been implicated in the dorsiventral patterning of lateral organs (McConnell et al., 2001) . ATHB-8 might play a role in the radial patterning of vascular precursors that determines the adaxial/internal position of xylem. A putative role in defining xylem identity is supported by observations that overexpression of ATHB-8 increases the number of xylem cells in stem vascular bundles . The longitudinal pattern of ATHB-8::GUS expression that we observed provides circumstantial support for this model. Differentiation of phloem sieve tubes from procambial precursor cells is continuous and acropetal, whereas xylem tracheary element differentiation is discontinuous and bidirectional (Esau, 1965; Busse & Evert, 1999) . The discontinuity of ATHB-8::GUS expression might simply reflect the complexity of radial pattern formation superimposed on longitudinal vascular pattern formation. A fuller understanding of vascular pattern development awaits the identification of additional genes and knowledge of their specific functions in the development of shoot vascular architecture.
